Biofilms are formed by communities of microorganisms living in a self-produced extracellular polymeric matrix attached to a surface. When living in a biofilm microorganisms change phenotype and thus are less susceptible to antibiotic treatment and biofilm infections can become severe. The aim of this study was to determine if the presence of multikingdom microorganisms alters the virulence of a biofilm infection in a host organism. The coexistence of Candida albicans and Staphylococcus epidermidis in biofilm was examined in the nematode model Caenorhabditis elegans. It was evaluated if the hyphal form of C. albicans and extracellular polymeric substances (EPS) formed by S. epidermidis increases biofilm virulence. Survival assays were performed, where C. elegans nematodes were exposed to S. epidermidis and C. albicans. Single inoculation assays showed a decreased survival rate after 2 days following exposure, while dual inoculation assays showed that a clinical S. epidermidis strain together with C. albicans significantly increased the virulence and decreased nematode survival. EPS seem to interfere with the bacterial attachment to hyphae, since the EPS overproducing S. epidermidis strain was most virulent. The clinical S. epidermidis paired with C. albicans led to a severe infection in the nematodes resulting in reduced survival.
INTRODUCTION
Most microorganisms exist in biofilms that can be defined as communities of microorganisms set in a self-produced extracellular polymeric matrix that is attached to a surface (Fey and Olson 2010; Grant and Hung 2013) . For many patients with medical implants or indwelling medical devices, biofilms pose a risk of implant-associated infections (O'Gara and Humphreys 2001) . Bacteria from the patient's skin microflora, healthcare personnel or contaminated equipment can colonize medical devices, such as central venous catheters, prosthetic joints and urinary catheters during implantation (Donlan 2001; Mekni et al. 2012) . It is important to understand how to control implant-associated infections because they can lead to failed implants and thus repeated surgeries, prolonged antibiotic therapy, and increased morbidity (Stoodley et al. 2008) . Bacteria present in biofilms are less sensitive to antibiotics due to several factors, including limited penetration of antibiotic agent into biofilm matrix, slow growth rate of biofilm bacteria, high bacterial density and changes in gene expression (Saginur et al. 2006) .
Staphylococci, mostly Staphylococcus epidermidis and S. aureus, are the predominant bacteria associated with implantassociated infections (Adam, Baillie and Douglas 2002; Fey and Olson 2010) . The ability of the bacteria to adhere to the implant and form a biofilm is related to the pathogenicity (Saginur et al. 2006) . Some strains of S. epidermidis can increase the bacteria's ability to form biofilms by secreting extracellular polymeric substances (EPS) that consist of polysaccharides, proteins and teichoid acid (Adam, Baillie and Douglas 2002) . Polysaccharide intercellular adhesin (PIA) and capsular polysaccharide adhesion have been identified as two products of S. epidermidis that contribute heavily to biofilm formation in combination with different proteins (O'Gara and Humphreys 2001) . Once biofilms and the matrix are established, it becomes difficult to eradicate pathogenic microorganisms via the host's immune response and treatment with antibiotics is often performed unsuccessfully (Grant and Hung 2013) .
The fungus Candida albicans has also been associated with implant-associated infections (O'Gara and Humphreys 2001) . However, C. albicans tends to cause more virulent infections than bacteria and can cause serious damage to host tissue and patient health (Adam, Baillie and Douglas 2002) . Candida species are some of the most prevalent causes of nosocomial bloodstream infections (Klotz et al. 2007 ). In the case of urinary catheter biofilms, even patients using urinary catheters on a short-term basis of 7 days or shorter can develop a biofilm infection involving this fungal species. A study showed that all of patients who used catheters on a long-term basis of more than 28 days were expected to develop a Candida biofilm infection (Donlan 2001) .
The microorganisms S. epidermidis and C. albicans are both present in humans as commensal organisms and they have often been shown to coexist in biofilms as opportunistic pathogens in immuno-compromised patients (Lin et al. 2013) . This combination makes polymicrobial biofilms particularly resistant to common antimicrobial therapies. Specifically, the multikingdom fungal-bacterial biofilm may be more resistant to antimicrobial treatment in the presence of significant EPS production (Davies 2003) . It was shown by Adam, Baillie and Douglas (2002) that increased virulence of C. albicans can occur in the presence of an EPS overproducing S. epidermidis strain, when compared to a combination fungal-bacterial infection involving a mutant S. epidermidis strain that exhibited limited EPS production (Adam, Baillie and Douglas 2002) . This increased resistance was likely due to the presence of the thick EPS layer protecting the biofilm organisms from penetration of drugs (Adam, Baillie and Douglas 2002; Veses and Gow 2009) . Candida albicans can exist in three morphological forms: yeast, hyphal and pseudohyphal forms (Veses and Gow 2009) . The yeast form is dominant in the commensal state, while the filamentous hyphae are usually associated with a pathogenic state (Sudbery 2011) . Additionally, C. albicans yeast cannot enter human cells actively, whereas C. albicans hyphae can penetrate and become opportunistic within the infected area (Sudbery 2011) . These varying fungal morphologies are important for the degree of virulence of the biofilm infection.
It is valuable to study the interaction between C. albicans and EPS-producing strains of S. epidermidis because their interactions are involved in biofilm drug resistance and EPS production is important for staphylococcal pathogenicity. A research experiment by Adam, Baillie and Douglas (2002) showed that in a multikingdom biofilm, an EPS-producing wild-type strain (RP62A) of S. epidermidis blocks penetration of fluconazole, an antifungal agent, and has no effect on the metabolic activity (Adam, Baillie and Douglas 2002) . In addition, the matrix viscosity of C. albicans protects the non-EPS-producing mutant (M7) of S. epidermidis from vancomycin, an antibiotic (Adam, Baillie and Douglas 2002) .
For the study of the interactions between C. albicans and S. epidermidis biofilms, the nematode Caenorhabditis elegans can effectively be used as a model host organism for infection. Caenorhabditis elegans are 1 mm long hermaphroditic invertebrates found in soil and they make a useful model for studying host-pathogen interactions because their genome has been completely sequenced, they have a rapid generation time and a transparent cuticle, and they can be easily maintained (Kurz and Ewbank 2000) . Caenorhabditis elegans has been used as a model system to study virulence factors of pathogenic bacteria and host defenses of the nematode (Kurz and Ewbank 2000) . Nematodes are present in soil environments and feed on bacteria; therefore, it has been suggested that they have developed defensive immune responses against pathogens (Alegado et al. 2003) . Pathogens that gain entrance into the nematode cuticle can proliferate in the intestine of the nematode and cause an infection (Alegado et al. 2003) . The innate immune response of the nematode can be equated to the immune response of humans after exposure to pathogens prior to onset of the adaptive immune system components (0-72 h after exposure).
The biofilm infection within the nematode involves the bacteria colonizing within the gut, then disrupting the lining of the gut, which leads to organ destruction and death (Marsh and May 2012) . Antibacterial factors, lysozymes and antimicrobial molecules, such as lectins, are involved in the immunity of C. elegans against invasions (Marsh and May 2012) . For example, the exopolysaccharide PIA is produced when S. epidermidis colonizes the gut of C. elegans (Begun et al. 2007) . Disruption of PIA synthesis greatly reduces the ability of the bacteria to infect and kill C. elegans (Begun et al. 2007 ). Additionally, PIA-producing S. epidermidis is more virulent towards C. elegans than non-PIAproducing S. epidermidis suggesting that the exopolysaccharides produced during biofilm production increased the virulence of the pathogen by protecting it from the immune defenses of its host (Begun et al. 2007 ). An increased understanding of the interactions between the fungi and bacteria will allow for modeling of these interactions in vivo within C. elegans.
The hypothesis of this research was that the interactions between C. albicans hyphae and a clinical S. epidermidis strain, which produced EPS at an enhanced rate, would decrease the survival rate of C. elegans due to increased virulence of the biofilm. It was presumed that bacteria attach to the hyphae, and during active tissue penetration, the bacteria can gain access into the nematode tissue. The commensal S. epidermidis bacteria have the ability to become pathogenic because they would be present in a new area within its host. The host-pathogen interaction between the EPS-producing strains of S. epidermidis would then differ from the co-culture exposure. When nematodes consumed the EPS-producing wild-type S. epidermidis, it was hypothesized that the EPS layer of the bacteria could act as a shield towards the nematode immune system, which would prevent it from detecting the pathogen, thus causing increased incidence of fatality. Conversely, if nematodes were exposed to the EPSdeficient S. epidermidis mutant, the survival rate was expected to increase. Without a layer of EPS surrounding the bacteria, it was hypothesized that the nematodes' innate immune system would recognize the pathogens as foreign bodies and thereby initiate defensive actions, thus preserving the life of the host organism.
MATERIAL AND METHODS

Experimental organisms
In this study, the following bacterial and fungal strains were used: (1) Staphylococcus epidermidis (ATCC strain #155, strain isolated from an infected skin lesion); (2) S. epidermidis RP62A (ATCC strain #35 984) is a EPS-producing wild-type strain (Hussain et al. 1997) ; (3) S. epidermidis M7 is a EPS-negative mutant strain obtained through chemical mutagenesis of S. epidermidis RP62A with mitomycin C (Hussain et al. 1997) . All S. epidermidis species were propagated from freezer stocks in Luria Broth (LB) medium overnight at 37
• C. (4) Escherichia coli OP50 was used as a food source for Caenorhabditis elegans. Escherichia coli OP50 was plated on 60 mm nematode growth media (NGM) plates and stored at room temperature for up to 2-3 weeks; (5) Candida albicans strain SC5314 was used. Propagation was obtained by growing C. albicans from a freezer stock in Yeast Extract-Peptone-Dextrose (YPD) medium overnight at 37
• C. The multikingdom cultures of C. albicans and S. epidermidis were prepared by growing the microorganisms separately in YPD and LB media, respectively, at 37 • C. A 50:50 mix of each of the cultures was made to obtain a co-culture (Peters et al. 2010) . The nematode strain used for all experiments was C. elegans glp-4; sek-1 and was obtained from the Caenorhabditis Genetics Center (CGC) at the University of Minnesota (MN, USA). They were propagated on E. coli OP50 seeded NGM plates at 15
• C. The nematodes are sterile above this temperature and will enter a dauer stage below this temperature (WormBook 2017).
Experimental protocol
Survival assays were carried out in a sterile environment with the use of sterile techniques. All assays had three to nine replicates. Candida albicans yeast survival assays were adapted from Pukkila-Worley et al. (2009) . Briefly, nematodes were placed onto a plate containing C. albicans for several hours and then washed with M9 media. The cleaned nematodes were added to a 6-well plate and then were individually classified as alive or dead based on observable response to prodding with a worm pick. Staphylococcus epidermidis and E. coli OP50 survival assays were performed under similar conditions as C. albicans yeast. Experiments performed with C. albicans hyphae were adapted from a protocol used in the study by Breger et al. (2007) and adjusted for the applied experimental conditions in this study as briefly explained here. To complete the C. albicans hyphae infection assays, C. elegans were placed on a lawn of C. albicans where they consumed the yeast for 2 h. After 2 h, the nematodes were added to M9 media. Dead nematodes, determined by a lack of response to external stimuli, were counted and removed from the culture. Live nematodes were counted allowed to grow for 2 days to allow for hyphal penetration into the body; after 2 days, the number of live and dead nematodes were counted.
In vivo biofilm formation in Caenorhabditis elegans
Cultures were inoculated overnight at 37
• C in 6-well plates containing 3 mL Roswell Park Memorial Institute media (RPMI) with 5% fetal bovine serum (FBS) in order to develop biofilms. Once the biofilms were established in the well plates, sterile nematodes were transferred into the liquid and allowed to feed for 4 h. Then, a subsample of the nematodes was washed four times with M9 buffer and subsequently washed on a vacuum filter to clear them of excess E. coli. From the filter, the nematodes were washed into M9 medium and pipetted into an assay plate containing a RPMI + 5% FBS and M9 buffer solution.
Assessing in vivo biofilm formation in Caenorhabditis elegans
The nematodes were observed and quantified after 24 and 48 h following exposure to the biofilm. Counts of live and dead nematodes were recorded. Dead nematodes were determined if they do not respond to the stimulation of the nematode pick and they were subsequently removed from the assay plate and imaged under a fluorescent microscope using LIVE/DEAD BacLight stain (Thermo Fisher Scientific) or PNA-FISH probes (OpGen). LIVE/DEAD stain contains two stains: SYTO9 which stains live cells green and propidium iodide which stains dead cells red. This stain can easily identify whether the organisms inside the nematode are alive or dead.
RESULTS
The effects of exposure to opportunistic pathogens Staphylococcus epidermidis and Candida albicans on the nematode survival rate were assessed after the nematodes had been feeding on biofilms for 4 h. To account for any effects of Escherichia coli, a control assay was performed, in which the nematodes fed on GFP-labeled E. coli OP50. The average nematode survival rates after 24 and 48 h were 85% and 72%, respectively (Figs 1 and 2). To determine if coexistence of S. epidermidis and C. albicans in a biofilm increased the virulence, nematodes were fed on biofilms grown from single inoculated or dual inoculated cultures. Dual inoculated cultures contained S. epidermidis and C. albicans present in its hyphael form. The filamentous hyphae make C. albicans a more virulent pathogen, once inside its host. However, there were not any observations of nematode-hyphal interactions in these nematode assays. Survival assays based on C. albicans hyphae showed a 63% nematode survival rate after 48 h (P < 0.05), but S. epidermidis and C. albicans yeast alone did not show significant results. The clinical strain of S. epidermidis combined with C. albicans hyphae, however, showed a significant decrease in the survival rate of 67% (P < 0.05) after 24 h (Fig. 1) . The average survival rate of the clinical S. epidermidis strain was 86% compared to 81.5% from C. albicans yeast. When the two organisms were combined, the survival rate was 67% after 24 h and 47% after 48 h, respectively (Figs 1 and 2) . Single and dual inoculation assays of C. elegans after 48 h following exposure to treatments. Caenorhabditis elegans from an L3, L4 population recently starved on an E. coli OP50 lawn, were washed with M9 buffer prior to feeding to avoid carry over. The living and dead nematodes were counted after 48 h. Error bars represent SEM; n = 3 for all treatments. Statistical analysis showed P = 0.027 for S. epidermidis (+) slime, P = 0.032 for C. albicans hyphae, and P = 0.046 for S. epidermidis (-) slime + C. albicans hyphae compared to the control.
The effects of EPS on the virulence of S. epidermidis were tested. EPS-producing S. epidermidis could use the EPS to deter the nematode's innate immune system. As hypothesized, it was shown that non-EPS-producing S. epidermidis did not provide the bacterial cells with protection against the nematode's immune response thus making it more susceptible to clearance. The average survival rate for the nematodes that were exposed to the non-EPS-producing S. epidermidis was 90.4% after 48 h (Fig. 3) . Conversely, the EPS-producing S. epidermidis assay showed a significant decrease in survival of the nematode (Figs 1 and 2) . After 24 h, an average survival rate of 65.5% was observed (P < 0.05) and 52.8% after 48 h (P < 0.05) (Figs 1 and 2, Table 1 ). Visualization of the bacterial biofilms within the gut of the nematode was captured using fluorescence microscopy and Live/Dead BacLight differential staining. Live, intact bacterial cells stained green, while dead and compromised bacterial cells stained red. A biofilm established from the clinical S. epidermidis strain was seen colonizing inside the gut of a dead nematode (Fig. 4) .
DISCUSSION
Live/Dead staining confirmed that the ingested microorganisms were able to colonize inside the intestine of the nematode. Therefore, it was assumed that a biofilm mode of growth comparable to a biofilm infection was the cause of death for the nematodes. Living cells were observed with fluorescence microscopy, suggesting that they were able to survive within the nematode. As predicted, the survival rate of co-infected nematodes was decreased compared to exposure by the pathogens individually. However, individual infection with Candida albicans hyphae showed a significant decrease in nematode survival. This shows that morphology is a factor in fungal virulence and that hyphae are the more virulent form of C. albicans, as opposed to yeast cells.
As previously stated, the presence of EPS increased the pathogenicity of staphylococci in part by shielding the bacterium from immune responses. Caenorhabditis elegans, instead of possessing neutrophils and other immune cells to fight infections, uses only the innate immune system to fight pathogens (Ermolaeva and Schumacher 2014) . Their innate immune system involves a cascade of ligands and receptors. However, the exact pathway is not clearly understood at this point and not all of the components of this cascade have been identified (Ermolaeva and Schumacher 2014) . It is known that at the end of the pathway, a group of effectors is activated that will actively work against the pathogen aiming at eliminating the infection (Ermolaeva and Schumacher 2014) . These effectors include Ctype lectins, which adhere carbohydrates to the surface of bacteria; CUB domain containing factors, which adhere extracellular proteins to bacteria; and antimicrobial peptides, whose exact function in the immune system is not clear (Ermolaeva and Schumacher 2014) . Although C. elegans do not have a cell-based innate immune system, the nematode is used frequently as a model for the human immune system because of the nematodes' susceptibility to many human pathogens. The similarities between the pathogen defense systems of C. elegans and humans allow for comparisons to be made between the results of experiments that involve either organism (Marsh and May 2012) . For example, Staphylococcus epidermidis EPS has been found to negatively affect the rate of phagocytosis and destruction of the bacteria by neutrophils, which are human immune cells, indicating that the EPS and its components are key for maintaining the strength of an S. epidermidis biofilm infection. Single inoculation survival assay of C. elegans fed on S. epidermidis clinical strain (ATCC #155) and laboratory strain (ATCC #35984) individually for 4 h. Caenorhabditis elegans from an L3, L4 population recently fed on an E. coli OP50 lawn, were washed with M9 buffer prior to feeding to avoid carry over. The living and dead nematodes were counted after 24 and 48 h, respectively. Error bars represent SEM. n = 6 for S. epidermidis clinical and S. epidermidis (+) slime; n = 3 for S. epidermidis (-) slime. Statistical analysis showed * * P < 0.01 for S. epidermidis RP62A (+) slime after 24 h and * * * P < 0.001 after 48 h compared to the clinical S. epidermidis strain. The slime-producing strain of S. epidermidis was shown to decrease the survival rate of the nematode after 24 and 48 h, compared to the clinical strain.
P values obtained using a paired t-test in order to assess statistical significance of survival rates. n refers to the number of replicates compared to n = 6 for the E. coli OP50 control. Strains of S. epidermidis that produce higher amounts of EPS are closely linked to the presence of a biofilm infection that can be found on intravenous catheters (Mateo et al. 2008) . Using optical density, Mateo et al. examined 66 separate isolates of S. epidermidis taken from intravascular catheters and healthy skin, where coagulase-negative staphylococci were detected. Each isolate was compared with the optical density of S. epidermidis strain ATCC 35983, which is known to profusely produce EPS. Therefore, the isolates that were closest in optical density to the positive control strain were classified as excessive EPS producers. Forty-two per cent of the S. epidermidis isolates taken from the catheters exhibited characteristics of strong EPS production, compared with 0% of the non-EPS producing S. epidermidis isolates. Of the isolates taken from healthy skin, 35.7% were non-EPS producing and 11.5% were strong-EPS producers (Mateo et al. 2008) . The increased prevalence of S. epidermidis on patient catheters compared to their prevalence on healthy tissue led to the conclusion that EPS was an impactful virulence factor for these bacteria and thus created a challenge for organism's immune systems working to eliminate these bacteria from their infected host.
In this study, the nematode hosts that ingested EPSproducing S. epidermidis biofilms showed signs of increased infection level compared to non-EPS producing and clinical strains of S. epidermidis. Although the EPS-negative S. epidermidis monoinfection was not as virulent as the infections created by EPS-producing strains, the C. elegans survival rate decreased when EPS-negative bacteria were combined with C. albicans hyphae. Therefore, it is possible that fungal EPS is a contributing factor to the virulence of a biofilm infection. This assertion can be corroborated by Pammi et al. (2013) , in whose experiment C. albicans and S. epidermidis biofilm virulence was tested in both in vitro and in vivo in a subcutaneous catheter infection model. Here, the authors observed that a mixed biofilm (polymicrobial) increased the catheter infection. The authors evaluated the S. epidermidis EPS production and found that several genes related to extracellular EPS production were upregulated and concluded that the increase in virulence likely was due to EPS originating from S. epidermidis. Further evidence that fungal EPS encouraged the lethality of an EPS-negative bacterial strain infection can be found in the research of Adam, Baillie and Douglas (2002) and Chen et al. (2015) . Conclusions from both of these studies indicate that bacterial and fungal EPS might interfere with the function of antifungal and antibiotic compounds, respectively. However, the studies did not specifically cover whether the EPS without antibiotics/antifungals would impact the virulence of the polymicrobial biofilm.
Originally, based on the virulence of EPS-producing S. epidermidis and C. albicans hyphae was expected that combining the EPS-producing bacteria and hyphae together would decrease the survival of C. elegans and cause a more severe infection. However, this result was not observed. In contrast, the only significant decrease in nematode survival rate was observed for the coinfection assays with the clinical S. epidermidis strain combined with C. albicans hyphae. This result, although not consistent with the originally proposed hypothesis, aligns with other studies that combined C. albicans with pathogenic bacteria to imitate multikingdom infections. Peleg et al. (2008) coinfected C. elegans with C. albicans and varying bacterial species (individually) to evaluate the effects of these coinfections (Peleg et al. 2008) . It was found that the highest nematode survival rates occurred, when an infection of the fungus with Gram-negative bacteria was taking place. Increased death rates were recorded when the fungus was paired with Gram-positive bacteria. It appeared that the Gram-positive bacteria Acinetobacter baumannii had the ability to structurally dismantle C. albicans populations within the nematodes. The weakened fungi became less virulent than it would be if alone, and therefore, C. elegans had higher rates of survival (Peleg et al. 2008) . In the case of coinfection with C. albicans and the EPS-overproducing S. epidermidis strain in this study, the results showed that the EPS-producing bacteria were not as virulent as the clinical strain, when coexisting with hyphae in biofilms. This can likely be explained by the EPS initially (24 h) interfering with hyphal attachment in the EPS-producing S. epidermis strain within C. elegans, thus severely weakening a key virulence factor of the fungus. This effect did not continue throughout the experiment since the survival rates for the combined assays were not statistically different at 48 h (Fig. 2) .
The next step for investigating the interactions between C. albicans and S. epidermidis for forming a biofilm coinfection would be to quantify the effects of hyphal tissue penetration on nematode survival. It is proposed that if C. elegans feed on C. albicans yeast, hyphae will be induced inside the intestine. Upon hyphael activity within the nematode intestine, S. epidermidis would then attach to the hyphae and subsequently penetrate the nematode's cuticle, leading to a biofilm infection.
CONCLUSION
The interaction between Staphylococcus epidermidis and Candida albicans was shown to increase the virulence of a biofilm infection within the nematode host Caenorhabditis elegans. These interactions can occur within human hosts as well, specifically when the bacterium becomes pathogenic upon attachment to the fungus and penetrates the tissue. The commensal S. epidermidis can gain entry into tissue, where it would otherwise not exist. Visualization of hyphal penetration of the C. elegans cuticle and determination of how it affects the survival rate of the nematodes could improve the understanding of multikingdom biofilm interactions. Increasing the knowledge of these interactions can aid in determining how to fight polymicrobial biofilm infections in human hosts. In addition, further research could identify the genomic responses of the biofilm infections modeled in the nematode host model.
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